Wood structure and properties have been established for many years. The interaction of structure with properties has also been studied, but rarely from a materials science perspective. This paper attempts to focus on a particular aspect of composite structure, that of the interface. In engineered fibre composites the interface is the most important feature as it is the medium by which the stress is transferred from the matrix to the fibres so that they may bear the load. Much research has been focused on solving the optimisation of the interfacial stress transfer, as it is always suggested that the interface needs to be weak for high toughness and strong for high strength of the composite. More recent studies have identified the fact that it may be more advantageous to create an interface, which is not destructive in its energy absorbing capacity. Another area of weakness at the interface is the resistance to water ingress in certain environmental conditions.
INTRODUCTION TO WOOD
STRUCTURE Axial cells or tracheids are the predominant cell and that which will be studied in this paper. Another important cell in softwood is the ray cell, running in a radial direction (1) . The structure of the cell wall is very complex. It is divided into three main parts as shown in Fig.1 (2) . The primary wall, P, consists of a thin network of irregularly arranged microfibrils. It develops first and is often stretched during the differentiation of the cell. The secondary wall is laid down on the inside of the primary wall, usually after the growth of the cell has ceased. This wall is characteristic of almost all wood cells and is usually considerably thicker than the primary wall. The structure of the secondary wall is quite complex and three layers called S1, S2 and S3 can be distinguished, each having a different helical arrangement of its microfibrils. One way of working in biomimetics might be to simulate this filament wound structure in artificial wood and to try to emulate some of the properties that wood has. However, a more useful approach is to try to understand the reason for this structure and how it absorbs energy.
The S1 layer is the nearest to the primary wall as shown in Fig. 1 and the microfibrils within it are oriented almost perpendicular to the length of the cell. The middle layer, S2, is the thickest, thus having the greatest importance in terms of mechanical support offered by the wood cells. This layer is built up of microfibrils running at a small angle to the long axis of the cell. The S3 layer, overlaying the S2 layer is a thin layer with the microfibrils again oriented in a nearly transverse direction. Each of the three secondary wall layers is believed to consist of alternate lamellae of polysaccharide and lignin, each lamella consisting of a single layer of parallel microfibrils of cellulose sheathed in a layer of hemicellulose. Table 1 below summarises the thicknesses and microfibrilar angles in the different layers of a softwood tracheid (3). Table  2 gives the percentage of cellulose and lignin in. A represents the values related to the % of the wall layer and the B column the value related to the % of total compound (4) . This data shows that about 60% of S2 is cellulose and 27% lignin. As S2 is the thickest layer the higher proportion of cellulose in latewood is determined by the larger thickness of S2.
Moisture content of wood is defined as the weight of water in wood expressed as a percentage of over-dry wood (5) . In trees moisture content may range from 30% to 200% -and can exist in the cell lumens and as water bound chemically within cell walls. Moisture content at which cell walls are completely saturated with bound water but without water in cell cavities is about 30%. At this moisture content, a maximum of about 8 water molecules lay up between the cellulose molecules.
The S2 layer is of greatest influence on the swelling and shrinkage behaviour of wood (6) . When water enters between the cellulose chains of this wall layer, it forces the chain apart, causing transverse (radial and tangential) swelling while any change in the longitudinal direction is minor.
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MECHANICAL BEHAVIOUR OF
WOOD It has been noted that calculated values of toughness for wood, using a simple composite model assuming pull-out to be the major (4) toughening mechanism indicate that the work of fracture is ten times less than the ones actually measured (6) . The authors suggest that the apparent difference in values is due to the helical arrangements of fibres in the load bearing S2 wall. When a single wood cell is loaded in tension with its ends prevented from rotating, the fibres shear apart and buckle inwards. The unique structure of the S2 layer is said to provide an excellent compromise between strength and toughness for this material.
Work carried out on the effects of moisture on wood indicate that toughness increases with increasing moisture content (8) up to a maximum where in some cases it will decrease again. Any change in moisture content causes changes in bond configuration of the non-crystalline regions of the adjacent cellulose molecules and the hemicellulose. As moisture content increases, the build up of water molecule layers between these molecules and the loss of bonds between lignin and hemicellulose polymers would enable their flow, resulting in a more compliant material.
EXPERIMENTAL
In this study the qualitative interfacial fracture mechanisms leading to energy absorption were the foci of investigation. It was not the intention to obtain quantitative values for toughness which can only be useful in connection with an appropriate viscoelastic composite fracture model and hence these will not be reported. The energy absorbing mechanisms in wood are very different depending on the direction of testing and the mode of testing. Tension buckling is very important because it happens in S2; when the fibre is longitudinally stretched, the helical oriented form of microfibrils tends to be axially pulled, allowing at the same time the fibre diameter to be reduced inwards. Therefore the diameter reduction of S2 obliges this layer to separate from the primary wall, and then there is creation of new surfaces and so enhancement of toughness. There is a strong interface between the matrix and the cells; in fact as a result of a graded transition from fibres to matrix peculiar to wood, this allows a tension buckling behaviour. Most of the time, these damages are linked together, cell wall deformation and debonding.
This study aims to focus further on the fracture behaviour of wood using a Wedge test, which follows the stable crack propagation and the toughening mechanisms explored, which work by deflecting a crack, and cannot be easily measured quantitatively.
THE WEDGE TEST
Cleavage or wedge testing consists of feeding strain energy into the sample by forcing the two ears of the sample apart and make it cleave with the use of a sharp instrument. The main advantage of this test is its simplicity which enables the use of a small size specimen with no mounting problems. Live observation is also possible and the combination of this particular testing method with the optical microscope makes it of great interest in terms of qualitative work. The amount of strain depends on the angle of the wedge. A wedge with a larger angle will force the ears of the specimen further apart, thus imparting more strain energy to the material. However, it was found necessary to use a wider blunter blade for wet wood, as the blade would simply cut the material otherwise. The amount of strain energy also depends on the stiffness of the material. The stiffer the material, the greater the stored energy for a given penetration of the wedge. The stored energy is eventually used up as the crack propagates.
The device involves a simple screwing mechanism The screw allows the control of the penetration of the blade. This tester is small enough to be mounted on an Olympus polarising light microscope stage. A Nikon camera was set up to photograph the crack as it penetrated the material.
PREPARATION OF WOOD SAMPLES
All samples were made out of the softwood Spruce. This species has the advantage of a dark coloured heartwood which is quite easily distinguishable from its sapwood which is light in colour. Samples were made from sapwood. Softwoods are easier to work with than hardwoods, they have a relatively homogeneous structure and their greater softness allows easier sample machining and testing. Samples were made of dimensions: length 15 mm, width 8 mm and depth 4 mm and the blade (55 o ) entered in tangential or radial orientation as shown in Fig.  2 . Both radial and tangential orientation are perpendicular to the length of the cell as shown in Fig. 1 . In dry specimens the crack tip was always at least 100 mm ahead of the wedge but in wet specimens the crack tip was at the wedge and the material was simply being deformed. The surface to be observed was then polished with 600 and then 1000 papers.
Samples were oven dried at 110 o C for 24 hours. The choice of temperature is very critical. It must be high enough to allow all water to be removed but it must not exceed a certain limit beyond which structural damage can take place. Weights of the dry wood samples were taken at this point.
It is of general agreement that the moisture content below the fibre saturation point is a function of both temperature and relative humidity of the surrounding atmosphere. In this study water and three saturated salt solutions were used at room temperature in order to generate atmospheres of different relative humidities (see Table 3 ). These solutions were placed in desiccators and the samples placed on a wire tray above the solutions. The choice of salt solution was made according to the sorption isotherm data for 21 o C. The samples were left for five days until equilibrium moisture content was reached -constant mass of samples and then removed for immediate weighing and testing. The moisture content was then calculated according to the following:
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Where W g is the weight of the wet sample and W o is the dry weight.
The calculated moisture contents achieved are shown in Table 3 .
WEDGE TEST RESULTS

General observations
Three types of interfacial fracture behaviour were commonly found:
Interlaminar for failure at the interface between early and latewood, in the tangential direction, as this is similar to failure between laminate plies in engineered composites -an example is given in Fig. 3 .
Apart from this feature of the earlywood/ latewood interfaces, no other difference is found between radial and tangential crack direction. The following two failure types were observed in both directions.
Intracellular for failure within cells, where cells are cut in half. This can be likened to interfacial failure as it will involve some fibre pull-out indicating that fibre/matrix interfaces within the cells have been debonded. An example of this is given in Fig. 4 . It is typical of failure in earlywood which has larger cells with thinner walls, than
latewood. It is also typical of lower moisture contents. As the moisture level increases the likelihood of intracellular failure diminishes until even in earlywood the failure is intercellular.
Intercellular for failure between cells, which is like bundle failure, where tows of fibres remain bonded together within a composite and fail at bundle/bundle boundaries. This is seen in composites where failure is in resin rich zones, or areas of low volume fraction of fibre. An example of this type of failure is given in Fig. 5 and is common for latewood which has smaller cells with thicker walls.
In all samples, regardless of moisture content, cracks were often generated in latewood and stopped in earlywood ( Fig. 5 ). It is evident that the intercellular pathway between latewood cells requires less energy for crack propagation than the intracellular pathway through earlywood. The strength of the small latewood cells which have thicker walls than the earlywood is probably enhanced by the content of cellullose which varies from 40% in early wood to 50% in latewood (4) . This shows the competition that is seen in engineered composites between strength of the fibre versus strength of the interface to determine crack direction.
Ray cells have a role to play in the fracture behaviour of wood. When propagating in the tangential direction cracks often stop at ray cells ( Fig. 4) which is a similar crack bridging mechanism as we see in engineered composites. Figs. 6-7 show the major points of fracture behaviour of wood with the lowest moisture content, 5.3%. Dry wood exhibits high stiffness and brittleness. Cracking is frequent and occurs straight after the penetration of the blade into the sample. One of the main results of high stiffness is a widely spread strain energy within the specimen under the wedge action of the blade. This causes multiple crack fracture in the radial direction, in latewood and around defects (resin ducts), relatively far away from the tip of the This sensitivity to defects is also characterised by crack deviation which often occurs in the tangential direction, as shown in Fig. 2 . In this case the deviation is created by a resin duct and the large crack induced by the blade in earlywood is now running at the weak interface between the last latewood cells and the first earlywood cells. The weakness of this interface is probably due to the large shift in cell density of ratio 100/15 latewood/earlywood. Failure at this particular interface may also be due to the difference in length between earlywood and latewood tracheids. Although this is not clear in the literature, residual stresses might be generated during the growth of the first larger earlywood cells over the last latewood cells, thus making this interface a preferred site for crack initiation and propagation.
Moisture variation results
When tested in the tangential direction, large cracks were rapidly created in earlywood. The fracture path has a tortuous shape and the large diameter cells are often cut in half (Fig. 7) , the wall being separated from the cell lumen. This kind of crack is called intracellular as shown above.
The intracellular mode of fracture would be enhanced by abrupt changes in lignin concentration, at the boundaries between S1 and S2 or between the Middle Lamella compound and the S1 layer (9) . Cell wall fractures are thus more likely to occur at these sites rather than between the cells, in the Middle Lamella which is very rich in lignin and therefore quite strong.
When some cells are left intact, cracks are called intercellular. Because of the strength of latewood cell walls, cracks are always intercellular in this part of the wood.
The characteristics of fracture observed in specimens with a higher moisture content (11.7%) are quite similar to the ones found in the 5.3% specimens. Again cracks appear in latewood when wood is tested in the radial direction , but the strain energy seems to spread more locally and crack initiation occurs closer to the blade (Fig. 8 ), suggesting a tougher material. In the tangential direction, when initiated in earlywood, large cracks propagate between two latewood rings ( Fig. 9 ) unless defects cause a deviation of the crack as shown in Fig. 10 . Intracellular fracture still occurs in earlywood, the walls separating from the rest of the cells, exposing the cell lumen ( Fig. 11) , although it would appear that fracture is occurring at a different location, cells are no longer splitting in half.
The fracture behaviour of wood with the highest moisture contents, 26.3% and 31.2% which correspond to the approximate fibre saturated (no free water) natural water content in living wood, is radically different from the performance of the drier material. Almost no crack was created, but instead the material behaved in a compliant way and the strain energy generated by the blade entering the sample was most of the time only used to deform wood locally, around the tip of the blade (see Fig. 12 ). This general behaviour can be explained by swelling which occurs as more and more water penetrates the material. This causes a change in volume of the cells which are now closer to each other.
Along the tangential direction, the fracture behaviour of wood is shown in Figs. 13 and 14 , where the blade is just cutting through the wood, in early wood as well as latewood.
In the radial direction, small cracks were created, due to the compressive stresses generated by the blade deforming and pushing a whole group of woody cells, thus causing delamination in both earlywood and latewood regions (Figs. 15 and 16).
Cracks are initiated and propagated differently but results show that cracks are intercellular in earlywood in wood with high moisture contents. In high moisture conditions, the material appears tougher with less sensitivity to defects. Only small cracks are found around this kind of flaw in latewood when the tip of the blade is close enough for the strain energy to be transferred to the resin duct and released at the weak interface. This apparent increase in toughness of wood appears to be shown again in Fig. 17 where the blade cannot even propagate cracks at the interface between early and latewood.
The energy required to propagate cracks has not been quantified in these experiments and no attempt has been made to account for the various elastic and plastic components of the energy balance. The purpose was to focus on the weakest crack pathway on the understanding that under the conditions of the test in each case, this path is the one which requires least energy. Under humid conditions more energy is required to deform the more ductile cells. Hence there is less energy available to form a crack between cells. It is also probable that the S2/S3 interface is stronger due to swelling in the S2 layer as discussed previously. The fracture path is thus more likely to be along the S1/P interface or within the middle lamellar. Hence we see intercellular failure between earlywood cells at high moisture levels. The exact location of this fracture path needs further investigation. At the highest levels of moisture almost all of the energy is being used to deform the now very compliant cells.
Interfacial Pathways in Wood
SUMMARY
Several interfacial energy absorption mechanisms have been identified for the fracture of spruce wood and these have been further explored using stable crack propagation in a wedge test. Three failure modes were discovered which were determined by the type of wood cell (early/late) the orientation of testing (radial/ transverse) and the moisture content. At low water contents the role of a variety of defects in crack nucleation and propagation is enhanced by the high brittleness and stiffness of the material. The regions of weak interfaces like ray cells, resin ducts and the boundary between early and latewood are found to be favourable sites for cracking and strain energy release.
The natural microstructural variations occurring in wood are also a major factor determining whether the crack will be inter-or intracellular. Generally speaking, cracks are intercellular in latewood whereas they tend to be intracellular in earlywood. Abrupt changes of lignin contents within the cell wall weaken the structure especially at low moisture contents. In samples with higher moisture content, the swelling of the cells forces cracks to travel between cells and the failure mode becomes intercellular in earlywood.
